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Neurite  outgrowth  is mediated  by  dynamic  changes  of  the  cytoskeleton  and  is largely  controlled  by
Rho  GTPases  and  their regulators.  Here,  we  show  that  the  polarity  protein  Scribble  controls  PC12  cell
neurite  outgrowth  in  response  to nerve  growth  factor.  Scribble  knockdown  decreases  neurite  numbers
and  increases  neurite  length.  This  effect  is linked  to TrkA  the  cognate  receptor  for  NGF  as  pharmaco-
logical  inhibition  of  phosphorylated  TrkA (pTrkA)  reduces  Scribble  expression.  Moreover,  Scribble  forms
a complex  with the MAPK  components  ERK1/2  in  a growth  factor  dependent  manner.  In RNAi  experi-ell polarity
eurite outgrowth
APK pathway
Ras
rk1/2
ments  where  Scribble  expression  is  efﬁciently  depleted  sustained  ERK1/2  phosphorylation  is  reduced.
Conversely,  siRNA  with  intermediate  Scribble  silencing  efﬁciency  fails to match  this  effect  indicating  that
ERK1/2  activation  depends  on  basic  Scribble  protein  levels.  Finally,  Scribble  translocates  to  the  plasma
membrane  in  response  to growth  factor  where  it complexes  with  HRas  and  Rac1  suggesting  that  the
phenotype  activated  by  loss  of Scribble  may  be a result  of  altered  GTPase  activity.  Together,  these  results
demonstrate  a novel  role  for  Scribble  in  neurite  outgrowth  of  PC12  cells.ntroduction
Nerve growth factor (NGF) is a trophic growth factor that pro-
otes diverse activities including signaling, differentiation and
poptosis in neuronal tissue. NGF is essential for cognitive function
s disturbed signaling is associated with neurodegenerative disease
Siegel and Chauhan, 2000). In addition, reduced NGF expression
orrelates with the oncogenesis of neuroblastoma (Bogenmann
t al., 1998). Another important role for NGF is in neuronal differen-
iation (Hall and Lalli, 2010). NGF signals through the TrkA receptor
hat activates various intracellular pathways including the Ras/ERK
APK pathway which is associated with neurite and axon growth
Kaplan and Miller, 2000). While Ras drives signaling in this process,
he Rho GTPase Rac1 regulates underlying actin changes. The acti-
ation of Rac1 is controlled by guanine nucleotide-exchange factors
GEFs) including PIX, which binds to Rac1 and stimulates GDP/GTP
xchange (Manser et al., 1998; Raftopoulou and Hall, 2004; Zhang
t al., 2005). Various neurological disorders evoked by deﬁcits in
ytoskeleton dynamics have been linked to Rac1 and PIX (Colomer
t al., 1997; Fiala et al., 2002; Kutsche et al., 2000; Mendoza-Naranjo
t al., 2007; Newey et al., 2005; Zhang et al., 2005), suggesting that
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alterations in function may  cause abnormal signaling and loss of
cytoskeleton structure.
Scribble is a peripheral membrane protein, which belongs to the
LAP (leucine rich-repeats and PDZ) protein family including mam-
malian Erbin and Densin-180 (Zhang et al., 2006). The leucine-rich
repeats (LRRs) of Scribble are important for its association to the
plasma membrane (Legouis et al., 2003), while the 4 PDZ domains
scaffold distinct proteins involved in cytoskeleton dynamics. For
example, Scribble forms a complex with PIX and GIT1 to con-
trol synaptic vesicle recycling in PC12 cells (Audebert et al., 2004).
In cultured astrocytes Scribble binds PIX to control Rho Cdc42
GTPase activity and directed migration (Osmani et al., 2006). Also,
p-21 activated kinase activation by Rac1 is dependent on Scrib-
ble association and vital for control of epithelial cell migration
(Nola et al., 2008). Thus, apart from an established role in apical-
basal polarity, Scribble stabilizes transient polarized migration.
This function is shared by the PAR complex members (Osmani et al.,
2006; Pegtel et al., 2007; Sakakibara and Horwitz, 2006), which in
other contexts antagonizes the activity of Scribble (McCaffrey and
Macara, 2009; Nelson, 2009). The driving thrust for the motility in
polarized cell migration is inﬂuenced by external cues. This shapes
the cytoskeleton through the activity of Cdc42, which regulates the
overall polarity, while Rac1 appears to control ﬁlopodia formation
(Hengst et al., 2009). Yet, information of the external cues that acti-
vates Scribble and PAR proteins in polarized migration is lacking.
Recently PAR3 was implicated in NGF-mediated axonal elongation
(Hengst et al., 2009). It was  demonstrated that up-regulation of
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AR3 mRNA is NGF dependent and drives axonal growth. This may
ndicate that NGF is a common cue that activates polarity proteins
n distinct settings.
In this study we have investigated the role of Scribble in NGF-
nduced differentiation of PC12 cells. Here, we show that RNAi
ediated knock-down of Scribble in PC12 cells stimulated with
GF reduces neurite density but increases neurite length. In addi-
ion, expression of Scribble is induced by growth factor stimuli
nd corresponds to complex formation with Ras, Rac1, PIX and
RK1/2. Together, these data reveal a novel and context-dependent
ole for Scribble in cytoskeleton alterations that underlies neurite
utgrowth.
aterials and methods
hemicals, antibodies and plasmids
Rat collagen type I from rat tail tendon was from Roche.
abbit anti-GFP antibody, anti-ERK1/2 antibody, phospho anti-
RK1/2 antibody and phospho-pY490TrkA antibody was  from
ell Signaling Technology. Goat anti-Scribble antibodies (C-20
nd K-21), rabbit anti-HRas antibody and horseradish peroxidase
HRP)-conjugated donkey anti-goat antibody was from Santa Cruz
iotechnology. Mouse anti-Actin antibody, rat-NGF (2.5S), k252a,
ycloheximide (CHX) and protease inhibitor cocktail were from
IGMA. Recombinant human EGF was from R&D systems. Cell cul-
ure medium DMEM and RPMI 1640, horse serum (HS), Fetal bovine
erum (FBS), antibiotics (penicillin and streptomycin), Opti-MEM
uffer and transfection reagent (Lipofectamine 2000) were from
nvitrogen. Protein G-Sepharose beads were from Millipore. Pre-
ast 4–20% Tris–HCl gradient SDS gels were from BIO-RAD. ECL
hemiluminiscence kit, HRP-conjugated donkey anti-rabbit anti-
ody, donkey anti-mouse antibody, Alexa594-conjugated donkey
nti-goat and Alexa488 goat anti-rabbit and Alexa568 rabbit anti-
oat were from GE Healthcare. Mounting media Fluoromount was
rom Southern Biotechnology. The pEYFP plasmid used as a control
as from Clontech. Plasmids encoding CFP-tagged PIX, GFP-
agged Rac1 and GFP-tagged HRas have been described previously
Mayhew et al., 2006; Subauste et al., 2000), and were obtained by
rs. Rick Horwitz, Gary Bokoch and Karel Svoboda (Addgene plas-
ids 15235, 12980 and 18662). The construct encoding GFP-RhoA
as kindly provided by Dr. Michael Way.
ell culture and transient transfections
PC12 and COS7 cells were maintained at 37 ◦C in 5% CO2 in RPMI
640 supplemented with 10% HS, 5% FBS and antibiotics (PC12)
r in DMEM supplemented with 10% FBS and antibiotics (COS7).
ransient plasmid transfection of COS7 cells was performed using
ipofectamine 2000 under serum free conditions according to the
anufacturer’s instructions. Where indicated, cells starved for at
east 24 h were treated with 100 ng/ml NGF in serum free media
upplemented with 1% HS or with 100 ng/ml EGF in media with-
ut serum or antibiotics. For pharmacological inhibition of TrkA
n naïve cells, cultures were pre-treated with 200 nM of k252a
ollowed by combined NGF stimulation for the indicated inter-
als. Protein synthesis inhibition was achieved by application of
0 g/ml of CHX for 4 h following combined treatment with NGF
or the indicated intervals. For evaluation of phenotypic differ-
nces by Scribble depletion, cells treated with siRNA for 48 h were
timulated with NGF in combination with siRNAs for 24 h. In co-
recipitation and evaluation of protein levels, PC12 and COS7 cells
ere stimulated with NGF or EGF for 5 min  or for intervals as indi-
ated. Cell Biology 92 (2013) 213– 221
Western blotting and immunoprecipitations (IP)
Cells stimulated with growth factor for 5–60 min were washed
with cold phosphate-buffered saline (PBS) and lysed by rocking
for 45 min  at 4 ◦C with 0.2 ml/6-well plate of RIPA buffer (50 mM
TrisHCl, pH.7.5, 135 mM NaCl, 1% Triton-X100, 0.5% sodiumdeoxy-
cholate, 5 mM MgCl2, 1 mM EDTA, 1 mM Na2VO4 and protease
inhibitor cocktail). Equal amounts of lysate eluted with 2× Laemmli
sample buffer were subjected to SDS-PAGE gels and transferred to
PDVF membrane for subsequent detection with primary antibody.
For co-precipitations in PC12 cells, conﬂuent layers of starved
cells were treated with NGF, washed with cold PBS and lysed by
rocking for 45 min  at 4 ◦C with 0.2 ml/6-well plate of RIPA. Lysates
(approximately 300 g of protein/0.2 ml)  were incubated with 2 g
of anti-Scrib antibody (K-21) overnight at 4 ◦C, followed by incuba-
tion with protein G-Sepharose beads for 4 h. Beads were washed 4
times with ice-cold RIPA and bound proteins were eluted with 2×
Laemmli sample buffer. Equal amounts of protein were subjected
to SDS-PAGE and transferred to PDVF membrane for detection with
primary antibody.
For co-precipitations in COS7, 80% conﬂuent cells were trans-
fected with 2 g each of GFP-tagged constructs encoding HRas,
Rac1, PIX or GFP. Following treatment with EGF, cells were
washed with cold PBS and lysed by rocking for 20 min  at 4 ◦C with
0.2 ml/6-well plate of RIPA. Lysates were incubated with 2 g of
anti-Scrib antibody (C-20) overnight at 4 ◦C, followed by incuba-
tion with protein G-Sepharose beads for 4 h. Beads were washed 4
times with ice-cold RIPA and bound proteins were eluted with 2×
Laemmli sample buffer. Equal amounts of protein were subjected to
4–20% gradient SDS-PAGE gels and transferred to PDVF membranes
for subsequent treatment with primary antibody. Primary antibody
dilutions were as follows: anti-ERK1/2 antibody (1:2000), phos-
pho anti-ERK1/2 antibody (1:2000), phospho-pY490TrkA antibody
(1:500), anti-Scrib antibody (C-20 and K-21; 1:300), anti-Actin
antibody (1:2500), anti-HRas antibody (1:200) and anti-GFP anti-
body (1:1000). Following washing with PBS, membranes were
incubated with corresponding HRP-conjugated secondary anti-
body (1:4000). Reactive bands were detected by using ECLplus
per the manufacturer’s instructions. Secondary antibodies for
immunoﬂuorescence were: Alexa488 goat anti-rabbit (1:1000) and
Alexa568 rabbit anti-goat (1:1000).
RNAi experiments
Target and non-targeting control siRNA were
designed by Ambion. Double-stranded rat Scribble siR-
NAs were as follows: si#1: 5′-CGAGATACCTGAGAGCAT-3′,
si#2: 5′-GCATTGTAGGAGGTTCTG-3′ and si#3: 5′-
TCAGTGACCTCACATAGCCGG-3′. Ahead of transfection PC12
cells were plated at a density of 5 × 104 cells on collagen coated
coverslips and grown overnight. Cells were transfected with 2 M
of each siRNA (ﬁnal concentration 10 nM)  and grown in Opti-MEM
without serum or antibiotics at 37 ◦C for further processing. For
evaluation of knock-down efﬁciency, cells were treated with
siRNA for 72 h and analyzed by Western blotting. For evaluation
of ERK1/2 activation, NGF was  applied to siRNA treated cells after
72 h for the indicated intervals and analyzed by Western blotting.
For image analysis, cells were treated with siRNA for 48 h followed
by combined treatment with siRNA and NGF for another 24 h.
Measurement of neurite density and lengthPC12 cells treated with siRNA and NGF from three independent
experiments were quantiﬁed. Neurite density and length was  mea-
sured with Image J (NIH). The length of neurites was measured from
the cell membrane at the starting point of the protrusion to the
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ip of the growth cone. For neurite density, 440–560 neurites from
ver 1000 cells from different ﬁelds of each coverslip were quan-
iﬁed. For neurite length, 240–250 neurites from over 1000 cells
ere quantiﬁed for each condition. Cells with neurites growing in
lumps were not scored for statistical analysis.
mmunostaining and microscopy
COS7 and PC12 cells were ﬁxed in 4% paraformaldehyde in PBS
n ice for 20 min  and then permeabilized in 0.1% Triton-X100 in PBS
or 5 min. After blocking with 3% BSA in PBS for 30 min, cells were
ncubated with primary antibody diluted in 3% BSA in PBS overnight
t 4 ◦C. Following washing cells were incubated with secondary
ntibodies for 1 h at room temperature. Coverslips were washed
nd mounted on slides with Fluoromount. Immunoﬂuorescence
as performed using a Leica TCP-SP laser-scanning confocal micro-
cope (Leica, Heidelberg, Germany) with a 63× na 1.32 oil objective.
ollowing siRNA treatment, cells on coverslips were placed directly
n silicon chambers on drops of 1× PBS (pH. 7.4) supplemented
ith glucose and were maintained during live cell imaging exper-
ments at 37 ◦C. Phase contrast images were obtained with a 20×
ir objective.
tatistical data analysis
The rcmdr package in the statistical software application R was
mployed to analyze data. Statistical differences between means in
eurite density and length between control and Scribble targeting
iRNA were determined by one-way analysis of variance (ANOVA)
ollowed by Tukey’s post hoc test. Differences were considered sig-
iﬁcant at p less than 0.05. Experimental reproduction of results
nd the amount of data in account of statistical evaluations are
ndicated in ﬁgure legends.
esults
istinct growth factors induces Scribble expression
During our previous work (Wigerius et al., 2010), we  observed
levated Scribble protein levels in response to NGF, which indi-
ated that Scribble is regulated by growth factor stimuli. To address
his further, Scribble levels in lysates of PC12 and COS7 cells
timulated with NGF or EGF, respectively, were examined by
estern blotting. NGF induced expression of Scribble with lev-
ls peaking at 60 min, which had declined below control levels
y 120 min  (Fig. 1A and Supplemental S1). Likewise, EGF stim-
lation of COS7 induced transient Scribble expression reaching
aximum at 30 min  whereas EGF treatment of PC12 cells had no
ffect (Supplemental S2). To examine whether new protein syn-
hesis or phosphorylation (Metais et al., 2005), contribute to the
nduction of Scribble, cells were pre-treated for 4 h with the trans-
ation inhibitor CHX prior to NGF stimulation (Carter et al., 1995).
pplication of CHX with NGF for the indicated intervals resulted in
apid attenuation of Scribble expression relative to control (Fig. 1B
nd C) indicating that Scribble induction relies on rapid protein
ynthesis. In addition, ERK and Actin levels were unaltered by
HX treatment over the time course suggesting that the Scribble
eduction is not due to a generalized repression upon translation
nhibition.
nduction of Scribble is TrkA activity-dependentNGF stimulation of PC12 cells results in phosphorylation of
yrosines including 490 (Y490) on TrkA, which initiates signaling
hat promotes proliferation, differentiation and survival (Kaplan
nd Miller, 2000). Using a phospho-speciﬁc antibody against Y490 Cell Biology 92 (2013) 213– 221 215
on TrkA, phosphorylation levels were observed to peak within
5 min  and then to decline over 60 min  following NGF stimu-
lation (Fig. 1D). To test whether Scribble expression correlate
with the phosphorylation of TrkA, PC12 cells were pre-treated
with low concentrations of the TrkA inhibitor, k252a (Berg et al.,
1992). Treatment for 30 min  with k252a attenuated the increase
in Scribble expression induced by NGF stimulation, indicating
that activation of TrkA is critical for elevated Scribble expres-
sion (Fig. 1E). As Scribble localize to the plasma membrane in
PC12 cells, we  asked whether Scribble associates with activated
TrkA. To address this question endogenous pTrkA and Scribble
were immunoprecipitated with phospho speciﬁc Y490 or Scrib-
ble antibody from total cell lysates stimulated with NGF. However,
Scribble was observed not to associate with the receptor in recipro-
cal co-immunoprecipitation experiments (Fig. 1F and unpublished
observation). These ﬁndings suggest that Scribble is induced by
EGF in COS7 cells and, speciﬁcally by NGF in PC12 cells in a TrkA
activity-dependent manner.
Scribble binds endogenous HRas and ERK in PC12 cells
The ﬁnding that NGF-mediated TrkA activation induces Scrib-
ble suggested involvement of Scribble in the signaling pathway.
TrkA binds the adaptor protein GRB2 that transmits the signal to
SOS, a GEF for Ras that initiates activation of the Ras/ERK MAP
kinase pathway (Qui and Green, 1992). To elucidate whether Scrib-
ble associates with MAPK components, we carried out endogenous
co-immunoprecipitations with Scribble antibody from PC12 cell
lysates. However, we were unable to detect binding between Scrib-
ble and GRB2 or SOS1, respectively. By contrast, a subtle and
reproducible amount of endogenous HRas co-precipitated with
Scribble and importantly, we  detected that this association is NGF
dependent (Fig. 2A). Moreover, Scribble co-precipitated with ERK
but not with pERK evaluated by phospho-speciﬁc antibody against
activated ERK (Fig. 2B and C). Interestingly, the association between
Scribble and ERK appeared to be reduced in NGF stimulated cells
(Fig. 2B), indicating that the interaction is controlled by growth
factor activation. These results demonstrate that Scribble binds
ERK and HRas in a growth factor dependent manner. They also
suggest that ERK is preassembled in a complex with Scribble in
resting PC12 cells and that stimulation with NGF  reduces the
assembly.
Knock-down of Scribble attenuates ERK activation
Treatment of PC12 cells with NGF leads to sustained ERK activa-
tion (Traverse et al., 1992). Given the importance of ERK for PC12
cell differentiation, we examined the effects of Scribble depletion
on ERK phosphorylation. The expression of endogenous Scribble
in PC12 cells was silenced by speciﬁc short interfering RNAs (siR-
NAs) and their efﬁciency was tested relative to control by Western
blotting. Both siRNA#1 and #2 depleted expression of endogenous
Scribble equally effective to <35% of that in control cells whereas #3
reduced levels to 50% (Fig. 2D). SiRNA treatment for 72 h in absence
of growth factor did not impact on ERK activity (Fig. 2E lanes with
+siRNA/−NGF). However, a markedly reduction in the kinetics of
ERK activation was comparably detected in NGF stimulated cells
with siRNA#1 and #2. At 30 min, ERK activation had decreased to
about half the value of that in control cells (Fig. 2E). By contrast,
in presence of siRNA#3, ERK activation was still sustained beyond
60 min  of detection and similar to the pattern observed for acti-
vated ERK in control cells (Fig. 2E). Together, these results indicate
that a basic level of Scribble protein is required for the sustained
activation of ERK.
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Fig. 1. Effects of NGF on Scribble expression in PC12 cells. (A) Scribble is up-regulated by NGF. Serum starved PC12 cells were incubated in presence of 100 ng/ml NGF for
the  indicated intervals and total cell lysates were evaluated by Western blotting. Anti-Scrib antibody (K-21) and anti-Actin antibody detected levels of Scribble and Actin.
Bands  on Western blots were quantiﬁed by densitometry and histogram (on the right) shows the Scribble to Actin ratio (mean ± S.E.) from three independent experiments.
(B)  Treatment with CHX prevents NGF mediated up-regulation of Scribble. Serum starved PC12 cells were incubated for 4 h with 50 g/ml CHX followed by combined
stimulation with NGF for the indicated intervals. Anti-phosphoERK1/2 antibody and anti-ERK1/2 antibody detected levels of activated and total ERK1/2. (C) Cells were treated
with  NGF for the indicated intervals and evaluated as described. (D) Activation of TrkA in response to NGF. Serum starved PC12 cells were stimulated with NGF  for the
indicated intervals and evaluated as described. Phospho-speciﬁc anti-pY490 antibody detected levels of activated TrkA. (E) Scribble induction is TrkA activity-dependent.
Serum starved PC12 cells were pre-treated with 200 nm of k252a for 30 min  followed by combined stimulation with NGF for the indicated intervals. Total cell lysates were
evaluated by Western blotting and proteins were detected with antibodies as described. (F) Scribble fails to bind activated TrkA. Following NGF stimulation for 5 min, cells
were  lysed and endogenous pTrkA was immunoprecipitated (IP) with anti-pY490 antibody. Co-precipitated complexes and input levels were evaluated by Western blotting
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nock-down of Scribble induces hyper-elongated neurites
The induction of Scribble in PC12 cells by NGF and the effect
n ERK activity upon knock-down led us to investigate whether
cribble controls neurite growth in response to NGF. To address
his possibility the effects on cell morphology in Scribble deﬁcient
ells stimulated with NGF were visualized. Knock down of Scrib-
le for 72 h in absence of NGF produced protrusions indicative of
lopodia, which were absent in control cells (unpublished obser-
ation). After 48 h of siRNA treatment cells were stimulated witha combination of NGF and siRNA for another 24 h. As shown in
Fig. 3A, neurite lengths of cells transfected with siRNA#1 and #2
were strikingly longer than those in control (Fig. 3A). Transfec-
tion of cells with siRNA#3 gave a similar phenotype to that of
control. To quantify these effects, number and length of all neu-
rites in cells were measured. Although, siRNA#1 and #2 caused a
distinct increase in neurite length, the neurite density was  signiﬁ-
cantly lower with ∼32 neurites/100 cells for each siRNA, compared
to ∼50 neurites/100 cells for #3 and control, p < 0.05 (Fig. 3B and C).
By contrast, the mean neurite length had increased to 44.3 ± 1.2 m
M. Wigerius et al. / European Journal of Cell Biology 92 (2013) 213– 221 217
Fig. 2. Scribble is coupled to NGF mediated MAPK signaling. (A–C) Scribble binds components of the MAPK pathway in PC12 cells. Serum starved PC12 cells were either left
untreated or treated with NGF for 5 min  followed by cell lysis and endogenous Scribble was  immunoprecipitated (IP) in both samples with anti-Scrib antibody. Co-precipitated
complexes and input levels were evaluated by Western blotting and detected with anti-HRas, anti-ERK1/2 and anti-phosphoERK1/2 antibodies. (D) Efﬁciency of Scribble
knock-down in PC12 cells. Cells were treated with non-targeting, control or with three different rat speciﬁc Scribble targeting siRNAs, #1–3, at a ﬁnal concentration of 10 nM.
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Sfter  72 h of treatment cells were lysed and total cell lysates were evaluated by W
ctivation. Cells treated with control, #1, #2 or #3 siRNAs where stimulated with N
ith  antibodies as described.
ith siRNA#1 and 46.0 ± 1.1 m with #2 vs. 26.9 ± 1.0 m with
ontrol, p < 0.0001 (Fig. 3D). Cells transfected with siRNA#3 dis-
layed shorter mean length, 26.8 ± 1.1 m,  which was  similar to
ontrol but signiﬁcantly different to both #1 and #2, p < 0.0001
Fig. 3E). Differences in number and length between siRNA#1 vs. #2
nd between #3 vs. control were non-signiﬁcant (n.s). These results
upport the idea that neurite development is controlled by Scrib-
le and that this process critically depends on Scribble expression
evels.
ffects on outgrowth by Scribble link to Rac1, ˇPIX and HRas
Apart from Rac1, Scribble interacts with various proteins
ncluding the GEF, PIX. Additionally, Rac1 and PIX are well-
haracterized regulators of developmental processes such as
eurite outgrowth and dendritic spine morphogenesis (Luo, 2000;
hang et al., 2005). Thus we hypothesized that Scribble scaffolds
ac1 and PIX in response to growth factor as observed for HRas.
o test this prediction, GFP-tagged Rac1, PIX and HRas, were
xpressed in COS7 cells and analyzed for binding to endogenous
cribble by co-immunoprecipitation. Indeed, Scribble bound all
hree proteins in an EGF dependent manner (Fig. 4A). By contrast,
hoA which is believed to exert the opposite activity by negatively
egulating neurite outgrowth (Koh, 2006), failed to bind Scribble
Fig. 4B). The above ﬁndings suggest that activation of GTPases,
hich regulate signaling and outgrowth in response to growth fac-
or are controlled by Scribble at the plasma membrane. To further
xplore this possibility, we compared the subcellular distribution of
cribble and HRas due to its regulating role at the membrane, in EGF blotting with antibodies as described. (E) Knock-down of Scribble attenuates ERK
r the indicated intervals and total cell lysates were evaluated by Western blotting
stimulated cells. Following growth factor treatment cells were visu-
alized. In, untreated, serum-starved cells Scribble and HRas were
diffusely dispersed in the cytoplasm (Fig. 4C, upper panel). By con-
trast, EGF stimulation profoundly translocated both proteins to the
cell surface (Fig. 4C, lower panel). To quantify the changes in local-
ization ﬂuorescence intensities were analyzed along a line drawn
across the cell. In untreated cells intensity peaks displayed a dif-
fuse localization of both proteins in the cytoplasm (Fig. 4D, upper
panel). Conversely, two  distinct peaks, which clearly overlapped
and corresponded to co-localized Scribble and HRas, veriﬁed the
apparent distribution in response to EGF (Fig. 4D, lower panel). A
similar pattern was  observed at the cell surface in NGF treated PC12
cells (S3). Together, these results support the idea that Scrib act as
a membrane scaffold for HRas, Rac1 and PIX in a growth factor
dependent manner.
Discussion
In our previous study we had shown that Scribble is necessary
for impaired neurite outgrowth evoked by the TBEVNS5 protein.
However, in NS5 expressing cells depleted of Scribble, effects on
outgrowth were reversed in response to NGF (Wigerius et al., 2010).
Based on these ﬁndings we  hypothesized that Scribble has an inde-
pendent role in NGF mediated signaling and neurite development.
Here we show that the Scribble protein levels are markedly induced
by growth factor in two distinct cell lines (Fig. 1 and S1). How-
ever, EGF did not increase Scribble levels in PC12 cells suggesting
that NGF speciﬁes the mechanism underlying the elevated expres-
sion. Consistent with this idea is our demonstration that Scribble
218 M. Wigerius et al. / European Journal of Cell Biology 92 (2013) 213– 221
Fig. 3. Effects on neurite outgrowth by Scribble knockdown in presence of NGF. (A) Scribble knockdown reduces neurite density but induces outgrowth in PC12 cells. Cells
treated  with siRNAs for 48 h were stimulated for another 24 h with NGF and then subjected to live cell imaging. Panels show images of the effects on PC12 cell morphology
by  Scribble depletion in presence of NGF. Scale bar, 50 m.  (B–C) Quantiﬁcation of neurite number and length from representative images such as those in A. Data show
mean ± S.E. of more than 400 cells obtained from three independent experiments for each siRNA treatment. Statistical signiﬁcance indicate difference in neurite density for
cells  treated with control vs. #1 and #2, p < 0.05, by Student’s t-test. Differences in neurite density between siRNAs #1 vs. #2 and #3 vs. control were non-signiﬁcant (n.s).
(D)  Most of cells treated with siRNA#1 and #2 shows a shift towards longer neurites which are 30–40 m or beyond, relative to 10–20 m for control cells. This is indicated
b n ± S.
n effect 
#
i
a
o
t
l
i
n
iy  the differences between the 10–40 m peaks in the histogram. Data show mea
eurite length between control vs. siRNA#1 and #2, p < 0.0001 by ANOVA. (E) This 
2  vs. #3 were signiﬁcant, p < 0.0001 but not between #3 vs. control (n.s).
nduction is TrkA activity-dependent while the pharmacological
gent k252a attenuates this effect (Fig. 1E). In addition, induction
f Scribble was attenuated by CHX treatment, which indicates that
he observed changes in protein expression are regulated by trans-
ation. NGF thus drives transient Scribble induction possibly by
ncreasing local protein translation, as been described for Par3 in
eurons (Hengst et al., 2009).
These results raise the intriguing question of what role NGF
nduction of Scribble may  play in cells. Our ﬁndings suggest thatE. and p-values for each histogram. Statistical signiﬁcance indicate a difference in
is lacking by treatment with siRNA#3. Differences in length between siRNA#1 and
one of the functions is to bind with components of the MAPK path-
way. Although Scribble did not bind TrkA (Fig. 1F) or proximal
effectors, endogenous and ectopically expressed HRas did bind in
a growth factor dependent manner (Figs. 2B and 4A). Scribble and
HRas have previously been ascribed cooperative functions in tumor
development (Brumby and Richardson, 2003; Dow et al., 2008).
However, evidence for a physical complex has been lacking, which
our data propose is induced by the activity of growth factors. While
the bulk of ERK1/2 is cytoplasmic a signiﬁcant amount bound in a
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Fig. 4. Effects on outgrowth by Scribble link to Rac1, PIX and HRas. (A) Scribble interacts with HRas, Rac1 and PIX in response to EGF. COS7 cells were transiently transfected
with  different GFP-tagged constructs as indicated. Following EGF stimulation for 5 min, cells were lysed and endogenous Scribble was immunoprecipitated (IP) with anti-Scrib
antibody (C-20). Co-precipitated complexes and input levels were evaluated by Western blotting with the indicated antibodies. Transfection with YFP alone is shown in the
far  left two lanes. (B) RhoA is not interacting with Scribble. EGF stimulated COS7 cells transfected with YFP-RhoA were immunoprecipitated (IP) with anti-Scrib antibody and
co-precipitated complexes were evaluated by Western blotting with indicated antibodies. (C–D) Stimulation with EGF translocates Scribble and HRas to the cell membrane.
COS7  cells were transfected with GFP-HRas as indicated. After 5 min  in absence or presence of EGF cells were ﬁxed and immunostained for the GFP epitope on HRas and
e y (red
l  overl
c
c
e
r
2
(
S
b
u
s
p
b
S
d
t
d
c
(ndogenous Scribble with anti-YFP antibody (green) and anti-Scrib (C-20) antibod
ine  (yellow) in cells stimulated with or without EGF were measured. The highest
onﬁrming that the localization is growth factor dependent.
onstitutive manner to membrane associated Scribble (Audebert
t al., 2004). This is consistent with the implication that ERK is
ecruited to the plasma membrane (Muralidharan-Chari et al.,
009). In contrast, lack of binding to phosphorylated ERK1/2
Fig. 2C), suggests that ERK activation promotes dissociation from
cribble. Interestingly, we also noticed a reduction in binding
etween Scribble and speciﬁcally ERK2 (p42) when cells were stim-
lated with NGF (Fig. 2B). While the signiﬁcance of this ﬁnding is
till unclear, it is possible that the regulative role of ERK2 in cell
roliferation is linked to the tumor suppressive functions of Scrib-
le (Bilder et al., 2000; Voisin et al., 2010; Zhang and Macara, 2008).
cribble act as a scaffold by regulating protein–protein interactions
uring the development of cell polarity (Humbert et al., 2006). In
his study, we found that the activation of ERK is defective in cells
epleted of Scribble. This effect was absent in cells treated with
ontrol siRNA and in cells with intermediate Scribble expression
Fig. 2E). Thus, ERK1/2 seem to require a basic level of Scribble). To quantify the distribution of HRas and Scribble the intensity proﬁles across a
apping intensity at the plasma membrane was  detected in cells treated with EGF,
expression to exhibit maintained phosphorylation. We  predict that
Scribble serves as a scaffolding protein for the activation of HRas
and ERK1/2 thereby controlling NGF mediated signaling.
In PC12 cells morphological changes in presence of NGF
produces long processes that resemble those formed by sympa-
thetic neurons. The extension of processes can continue over weeks
and is largely driven by the actin-based cytoskeleton (Greene and
Tischler, 1976; Schaefer et al., 2008). The ﬁnding that Scribble
knockdown produces a phenotype with hyper-elongated neurites
suggests that Scribble controls cytoskeleton dynamics. This is in
agreement with the implication that Scribble in epithelial cells is
linked to the cytoskeleton (Navarro et al., 2005). Given that branch-
ing and elongation are independently regulated (Markus et al.,
2002), our data suggests that Scribble primarily controls cytoskele-
ton elongation. This idea is consistent with our observation that loss
of Scribble reduces neurite density while it leaves branching unal-
tered (Fig. 3). Thus, Scribble shares a distinct but related role that
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s similar to the roles in neuronal development performed by Erbin
nd Densin-180 (Arikkath et al., 2008; Quitsch et al., 2005). This
otion is also consistent with a recent study that reported involve-
ent of Scribble in dendritic spine development (Richier et al.,
010). According to our model, Scribble deﬁciency compromises
he efﬁcient assembly of key factors that regulates early events
n NGF mediated neurite outgrowth (Wigerius et al., 2010). This
otion is in agreement with our ﬁnding that HRas, Rac1 and PIX
re part of a Scribble complex that forms when cells are growth fac-
or stimulated (Fig. 4A). Although the interactions with Rac1 and
PIX have been established previously (Audebert et al., 2004), our
esults add a new dimension to their function corresponding to
hat of Scribble. Our data also indicates that apart from control-
ing cytoskeleton dynamics, Scribble regulates neurite outgrowth
hrough HRas. Indeed, Ras-GTP induces neurite outgrowth in PC12
ells (Satoh et al., 1987), and is involved in axon growth in response
o NGF (Hall and Lalli, 2010). Not surprisingly RhoA seems not to be
 target for Scribble in PC12 cells (Fig. 4B and Wigerius et al., 2010).
his is consistent with the idea that activation of Rac1 transiently
nactivates RhoA activity that normally inhibits neurite and axon
utgrowth (Causeret et al., 2004; Nusser et al., 2002, 2006).
The precise mechanism behind control of neurite outgrowth
y Scribble remains to be shown. However, we hypothesize that
cribble is indispensible for normal growth by controlling signaling
ia HRas and by bringing effectors in proximity to Rac1. Con-
istent with this idea is our result showing that growth factor
ediated activity of Scribble overlaps with that of HRas at the
lasma membrane (Fig. 4C). While, Scribble deﬁciency impinges on
Ras signaling which inﬂuences ERK1/2, restriction of Rac1 from
ts effectors may  disadvantage recruitment and regulation caus-
ng constitutive Rac1 activation. Importantly, constitutively active
utants of Rac1 GTPase activity induce outgrowth in neurons and
ffect tight junction formation in epithelial cells (Chen and Macara,
005; Luo, 2000). Thus, Scribble knock down may  cause disturbance
f multiple components that drives early mechanisms in neurite
utgrowth, which in turn inﬂuences the rate of outgrowth. Further
redence to this idea comes from investigation of Scribble deple-
ion in cells treated with growth factor, which implicated increased
ac1 activity (Nola et al., 2008; Richier et al., 2010). Based on these
onsiderations, we predict that Scribble act as a critical scaffold
or Ras and Rho GTPase activity by controlling their activation in
esponse to growth factor.
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